Abstract. Vortex-induced vibrations (VIV) need to be accounted for in the design of marine structures such as risers and umbilicals. If a resonance state of the slender structure develops due to its interaction with the surrounding fluid flow, the consequences can be severe resulting in the accelerated fatigue and structural damage. Wake oscillator models allow to estimate the fluid force acting on the structure without complex and time consuming CFD analysis of the fluid domain. However, contemporary models contain a number of empirical coefficients which are required to be tuned using experimental data. This is often left for the future work with the opened question on how to calibrate a model for a wide range of cases and find out what is working and is not. The current research is focused on the problem of the best choice of the fluid nonlinearities for the base wake oscillator model [1] in order to improve the accuracy of prediction for the cases with mass ratios around 6.0. The paper investigates six nonlinear damping types for two fluid equations of the base model. The calibration is conducted using the data by Stappenbelt and Lalji [2] for 2 degrees-of-freedom rigid structure for mass ratio 6.54. The conducted analysis shows that predicted in-line and cross-flow displacements are more accurate if modelled separately using different damping types than using only one version of the model. The borders of application for each found option in terms of mass ratio are discussed in this work, and appropriate recommendations are provided.
Introduction
Vortex-induced vibrations (VIVs) is a form of fluid -structure interaction when fluctuations of the fluid forces due to growing vortices lead to increased fatigue and motion of the slender structure. Flexible structures in shear flows are in the main interest for industries, for example, subsea production systems, but the complex VIV phenomenon is still not explored fully for simpler cases of rigid structures with one and two degrees-of-freedom in the uniform flow.
Increased displacement amplitudes of a structure are observed during the so-called lock-in state (or synchronization) -condition of resonance between the fluid and the structure. Lock-in condition is achieved by matching the natural frequency of the structure and the frequency of vortex shedding.
The current work is performed using wake oscillator approach to VIV phenomenon. This method implies a very simplified representation of the fluid around the structure as fluctuations of lift and drag forces only. This allows to reduce computational time, but requires prior calibration and validation work in order to take empirical parameters correctly.
It was proved by Jauvtis and Williamson [3] in 2004 that development of the resonance state in terms of displacement amplitudes varies for rigid structures with 2 e-mail: v.kurushina@abdn.ac.uk e-mail: e.pavlovskaia@abdn.ac.uk degrees-of-freedom depending on the mass ratio. The "border" between two types of lock-in peak was identified around mass ratio 6.0. This is why, the region of mass ratios 5.0-7.0 seems particularly important and challenging for modelling.
Previous work towards improving fluid oscillators for VIV problem included the study of different combinations of Van der Pol and Rayleigh equations [4] . The wider range of oscillators and the developed optimisation procedure are given in details in [5] . The focus of these previous works was on "low" mass ratio around 2.0-4.0, which left other cases for future exploration. In this study, the authors consider the most suitable oscillators and corresponding sets of coefficients for 2DOFs rigid structure with mass ratio around 6.0 with the focus on maximum possible accuracy of prediction for in-line and cross-flow displacement amplitudes. The basis for modification is the model presented in [1] .
The current paper is structured as follows. Section 1 introduces the basic ideas that allow to narrow the aim of this study. Section 2 contains details of the improved model and the list of applied fluid nonlinearities of wake equations. Section 3 gives the summary of calibration procedure and presents three groups of calibration results. Section 4 observes advantages and drawbacks of the achieved precision of displacement prediction. And Section 5 gives concluding remarks and perspectives of the future studies.
MATEC Web of Conferences 148, 04002 (2018) https://doi.org/10.1051/matecconf/201814804002 ICoEV 2017 Figure 1 . The model of two degrees-of-freedom elastically-supported rigid structure interacting with the uniform flow of velocity U [5] . Here, m s is structural mass, r s is structural damping, and K is stiffness of support.
Fluid nonlinearities
The considered case is 2 degrees-of-freedom rigid structure shown in Fig. 1 , and the flow is assumed to be uniform. The structure can move in the direction of the flow (or in-line direction), and the direction perpendicular to the flow (or cross-flow direction). The base model for modifications [1] in dimensionless form is as follows:
where
Here, X, Y are dimensionless structural displacements in in-line and cross-flow directions respectively, defined as
, where x and y are dimensional structural displacements, and D is diameter of the structure; w, q are fluctuating parts of drag and lift forces as wake coefficients; ω st is natural frequency of the structure; Ω R is vortex shedding frequency; S t is Strouhal number; ζ is damping ratio; a, b, c are dimensionless complexes; C D0 is initial drag coefficient; C f l D0 is initial fluctuating drag coefficient; C L0 is initial lift coefficient; m * is mass per unit length which contains mass of the structure per unit length and the fluid added mass per unit length; ρ f is fluid density; A x , A y are empirical coupling coefficients connecting wake oscillators with equations of structural motion; f dampX and f dampY are nonlinear damping terms of fluid equations; ε x , ε y are damping coefficients (Van der Pol parameters).
Mass ratio µ is defined in this research as suggested in [2] as relationship of the structural mass per unit length m s and the mass of displaced fluid per unit length m f :
In this study, the accuracy of prediction with the Van der Pol damping terms (see Eq. (6)), applied in the model [1] for in-line and cross-flow wake equations, is compared with the accuracy provided by possible alternative fluid nonlinearities, as proposed in [5] :
suggested by Krenk and Nielsen [7] ;
• and Landl terms f dampX = 2Ω Rẇ (ε x1 −ε x2 w 2 +ε x3 w 4 ) and f dampY = Ω Rq (ε y1 − ε y2 q 2 + ε y3 q 4 ) based on the work by Landl [6] .
The alternative models developed using these terms are calibrated with the experimental data [2] in the next section. Table 1 . Versions of the model calibrated for mass ratio 6.54 [2] Modification Set of coefficients Prediction for both in-line and cross-flow displacement 
Calibration results
Calibration of the dimensionless coefficients for the aformentioned wake oscillator models is performed following the algorithm in [5] . The main priority during calibration is given to the highest displacement amplitudes developed during the resonance. Experimental data [2] are for mass ratio 6.54. The highest displacement amplitudes here are approximately 0.082 for in-line direction and 1.02 for cross-flow direction. The highest amplitudes correspond to the reduced velocity 7.5 and 7.75 respectively.
The models are calibrated in respect to either in-line or cross-flow data, and the standard deviation is applied as the statistics of the signal. Eleven control points of experimental data [2] in either in-line or cross-flow direction are utilized to estimate the error of the model prediction. Calibration is conducted using the constrained nonlinear minimization tool in Matlab as detailed in [5] .
The calibrated sets for medium mass ratio are presented in Table 1 in three groups. The first part of Table  1 is the combination of Rayleigh -Van der Pol dampings which allows relatively suitable prediction for both in-line and cross-flow displacement amplitudes at the same time as illustrated in Fig. 2 . In this case, Fig. 2a imental set-up [2] . Hence, Figs 2a, 3a, 3c, 3e, 4a , and 4c show the comparison of fit by the models calibrated with in-line displacement record for mass ratio 6.54; and Figs 2b, 3b, 3d, 3f, 4b, and 4d provide the comparison of the combination of Rayleigh -Van der Pol dampings (calibrated with the in-line displacement record) with the options calibrated with cross-flow displacement record for mass ratio 6.54.
The second part of Table 1 present options of the fluid nonlinearities which are able to predict in-line displacement only when calibrated with mass ratio 6.54 [2] , and they are shown in Figs 2a, 3a, 3c, 3e, 4a, and 4c for the range of mass ratios. Those are options of Modified Fig. 2a demonstrates the result of calibration with the in-line displacement record for mass ratio 6.54, and Figs 3a, 3c, 3e, 4a, 4c are the results of validation on the same experimental set-up [2] .
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The third block of Table 1 contains the fluid nonlinearities to forecast cross-flow displacement only when calibrated with mass ratio 6.54 [2] : Landl -Van der Pol, Landl -Landl, Landl -Modified Van der Pol, and Landl -KrenkNielsen fluid nonlinearities. Accuracy of their fit is illustrated in Figs 2b, 3b, 3d, 3f, 4b , and 4d for the range of mass ratios. Fig. 2b is the result of calibration with mass ratio 6.54; and Figs 3b, 3d, 3f, 4b, and 4d are the results of validation on the same experimental set-up [2] . Fig. 2a demonstrates the advantageous fit provided by fluid nonlinearities Modified Rayleigh -Modified Van der Pol calibrated with the in-line displacement amplitudes at mass ratio 6.54 [2] . It manifests in the correct position of the resonance peak, the correct highest displacement amplitude, and the best representation of the lower branch among considered options. Figs 3a, 3c, 3e, 4a, and 4c, however, illustrate that the best quality of the fit (in-line peak height and width) throughout the range of mass ratio from 2.0 to 9.0 belongs to the combination of LandlModified Rayleigh dampings. Figs 2b, 3b, 3d, 3f, 4b , and 4d reveals the advantageous prediction by Landl -Van der Pol, Landl -Modified Van der Pol, and also Landl -Krenk-Nielsen dampings from approximately mass ratio 3.7 to mass ratio 9.0. Rayleigh -Van der Pol damping (from the first part of Table 1 ) significantly overestimates the cross-flow displacement amplitudes when mass ratio exceeds 6.0. Landl -Landl fluid nonlinearities with identified set of coefficients tend to predict cross-flow peak to be narrower than it appears in experiments [2] .
Discussion

Conclusions
The considered modifications of the base model [1] show that predicted in-line and cross-flow displacements are more accurate if modelled separately using different damping types than using only one version of the model, as follows from the analysis of Figs 2, 3 and 4.
Option of Landl -Modified Rayleigh damping calibrated with the in-line displacement amplitudes allows to predict in-line displacement in the largest range of mass ratio: approximately from 2.0 to 9.0, as illustrated in Figs  2a, 3a, 3c , 3e, 4a, and 4c.
Options of Landl -Van der Pol, Landl -Modified Van der Pol, Landl -Krenk-Nielsen dampings calibrated with cross-flow displacement amplitudes are proved reliable to predict cross-flow displacement only in the range of mass ratio from approximately 3.7 until 9.0. It is substantiated by Figs 2b, 3b, 3d, 3f, 4b , and 4d.
Option of Rayleigh -Van der Pol damping calibrated with the in-line displacement amplitudes predicts in-line displacement safe and relatively correctly for the range of mass ratio from approximately 6.0 to 10.0, and cross-flow displacement -from 3.7 to 6.0, as revealed by Figs 2, 3 and 4.
Analysis of Table 1 allows to suggest that Landl damping in in-line fluid equation enables relatively accurate prediction of cross-flow displacement amplitudes. This makes the combination of Landl -Modified Rayleigh fluid nonlinearities the most perspective option for the future development. Hence, the next stages of this research should focus on the synthetic oscillators specifically designed for the models of 2 degrees-of-freedom structures, and definitely involve more experimental data for calibration and validation.
